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THE USE OF PERFORATED INLETS FOR EFFICIENT
SUPERSONIC DIFFUSION-
By John C. Evvard and John W. Blakey

SUMMARY

The use of wall perforations on supersonic diffusers to avoid
the internal contraction-ratio limitation 1s desoxribed. Experimental
results at a Mach number of 1.85 on a preliminary model of a perforated
diffuger having a geametric internal contraction ratio of 1.49 (the
isentropic value) are presented. A theoretical disoussion of the
flow coefficlents as well as the size and the spacing of the ora-
tions is also incluled. At angles of attack of 09, 3°, and 5Y, total-
pressure recoverles of 0.951, 0.920, and 0.906, respectively, were
obtained.

IRTRODUCTION

Supersonic diffusion may de most easlly accomplished by means
of a normal shock. Associated with this discontinuous process l1s a
progressive decrease in the total-pressure recovery ratio as the Mach
number 1s Increased. The losses Iin total pressure across the shock
may be minimized, however, by decelerating the supersonic stresm dy
means of stream contraction to a low supersonic Mach number before
the shock occurs.

The usable stream contraction eand the amount of streem decelera-
tion 1s limited on some types of supersonic diffuser. If the intexrmal
contraction ratio (the entrance area divided by the throat area) of
the diffuser is made too large, the entrance mass flow will not pass
through the throat of the diffusexr, choking will ocour, ani a normal
shock and bow wave configwration will form ahead of the inlet. The
shock will not be swallowed again by the diffuser vntil the internal
contraction allows the subsonic stream behind. the normal shock to be
accelerated to a Mach number of unity at the throat. This value of
the contraction ratio 1s less than required for isentropic supersonic

lSu;persedes recently declassified NACA Research Memorandum ES1B1O
by John C. BEvvard and John W. Blakey, 1951.




e - A e e —— — e e s ——————— . ——— ———

2 NACA TN 3767

diffusion. In the design of a supersonic diffuser, elther a loss in
total pressure must therefore be accepted or socme means muest be pro-
vided to prevent choking.

One method to prevent choking that has been effectively applied
18 to accomplish the supersonic diffusion ahead of the inlet (such
as on a conical shook diffuser). During the starting operation, the
subsonic mess flow behind the normal shock, vhich will not pass through
the throat of the diffuser, spills over the edge. Investigations of
shock or spike diffusers have been reported in referemces 1 to 5.
Although the pressure recoveries that may be obtalned with the splke
diffusers ere very satisfactory, the external wave drag of this type
diffuser is likely to be large unleas the positlon of the shocks is
carefully controlled. Furthermore, the high recoveries of total pres-
sure may be obtained only on single units because, 1f the diffuser l1s
operated in cascede (such as on a supersonic compressor) or if the
diffuser is confined as a second throat in a supersonic tumnel, the
flow splllege that allows the diffuser to start may be prevented. -

The convergent-divergent type diffusexr investigated by Kantrowltz
and Donaldson (ref. 6) and by Wyatt and Hunczak (ref. 7) need not have
a shock in the vicinity of the entrance. This diffuser should there-
fore be less critical with respect to external wave drag than the
shock diffuser. Because no spillage 1s required for starting, the
diffuser may be operated at the deslign Mach number In cascade or as
the second throat of a supersonic wind tunnel. The main disadvan-
tage of the convergent-divergent diffuser investigated heretofore is
that the contraction ratio on the supersonic portion must be less than
the contraction ratio required to decelerate the free stream isentropl-
cally to wnity because of starting difficulties. This diffuser then
inherently accepts a loss in total pressure. In addition, the normal
shock must be located nsar the throat of the diffuser for optimmm pres-
sure recovery and, consequently, a slight increase In back pressure can
cause the shock to Jump irreversibly ehead of the inlet, which leads
t0 a discontinuity of mass Flow and pressure recovery.

A simple modification that may be mede to the convergent-divergent
diffuser, which removes the contraction-ratio limitation established by
Kentrowitz and Donsldson (ref. 6) is described. Results obtained dur-
ing November, 1946, with a preliminary experimental model at a Mach mum-
ber of 1.85 are also included.
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FUNCTION OF FPERFORATIONS

If diffusion is attempted by means of & reversed de Lavel nozzle,
a normal shock will form ahead of the inlet as regquired dy the theory
of reference 6 and the supsrsonic diffusion process wlll not be
established. Under this ocondition a high pressure differential will
exist between the Inner and outer surfaces of the convergent portion
of the diffuser. If a succession of holes or perforations are drilled
in the diffuser, part of the subsonic mass flow entering the inlet
wlll pass through the perforations, the flow spllled over the inlet
will decrease, and the shock will move nsarer to the inlet (fig. 1(a)).
If a sufficlent number of holes is drilled in the diffuser, the normal

-shook will pass through the inlet as in figures 1(d) and 1(c).

As the shock 1s swallowed by the diffuser, supersonic flow will
be established in the convergent inlet. The density and the statlc
pressure will then have low values corresponding to the loocal super-
sonlo Mach number and a low pressure differential will exist acroas
the orifices. Likewise, the orifices beocome less effective as the
Mach mmber is inoreased because the high-speed air has less time to
swerve and pass through the holes. Each of these factors tends to
reduce the loss of mess flow through the perforations as compared with
the subsonic regime. The perforations thus act as awtomatic valves,
which are open during the starting process and partly closed (in terms
of mass flow rete) during operation. The contraction ratio of the
convergent-divergent diffuser may then be extended beyond the limit
originally described in reference 6. In fact, 1f additional entrance
area is included to account for the mass flow lost through the holes
in the supersonic regims, compression to a Mach number near wnlty at
the throat may he achieved. A theoretical treatment of the area dis-
tribution of the perforations and the diffuser ocross-sectlonal area
distribution as a function of Mach nmmber is presented In the appendix.

If the area of the perforations 1s uniformly increased beyond
the minimum value required for shock entrance, the shock may be looated
at any station in the convergent portion of the diffuser and the flow
through the throat of the diffuser will be subsonic. Under these con-
ditions, the mess flow rate will be continuous through the diffuser
and in fact, if a transient preesure disturbance should force the shock
ahead of the inlet, the shock would again be swallowed by the diffuser
as soon as the disturbance ceased. The irreversible discontimuity in
performence assoclated with operation of the usual convergent-divergent
diffuser is thus eliminated. The action of the perforations in the
control of the boundary layer should also be noted.

e e —— e e e ——— ——
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AFPARATUS AND PROCEDURE

A preliminary model of a perforated supersonic diffuser was bullt
for an investigation at a Mach number of 1.85 in the 18-~ by 18~inch
supersonic tumnel at the NACA Iewls laboratory. This model, machined
of plastic (fig. 2(e)), consists of a converging inlet having en
internal geometric contraction ratio of 1.49, the isentropic value for
Mach nmnber of 1.85. The inlet was attached to the S5O conical subsonic
diffuvser dlagrammed in figure 2(b). The flow through the diffuser wes
controlled by a S0° conical damper at the diffuser exit.

The subsonic portion of the diffuser was thoroughly instrumented
for static-pressure distributions; total- and static-presswre distri-~
bublons at the diffuser exit were obtained with the rake shown in
figure 2(c). The free-stream total pressures were obtained as described
in reference 7. All pressures were photographically recorded on a
multlple~tube mercury manometer board.

Because the diffuser as first installed in the supersonic tumnel
hed en insufficient number of perforations, the normal shock would
not enter the inlet. A mmltiplicity of randomly spaced holes was
then drilled by a trall procedure until the shock entered the inlet,
A photograph of the final configuration is shown in figure 2(a). The
performance of the diffuser at angles of attack of 0°, 39, and 5° was
determined for a Mach number of 1.85.

RESULTS ARD DISCUSSION

The total-pressure recovery ratio obtalned with the preliminary
model of the perforated supersonic diffuser 1s plotted against the
ratio of plenm-~chamber outlet area to diffuser throat area in fig-
ure 3. The portion of the curve at area ratios greater than about
1.2 is approximately a rectengular hyperbola. (See ref. 7.) In
this region, the mass flow rate through the dliffuser is constant.

It is therefore of intereat to note that the point giving the highest
total-pressure recovery ratio at all measured angles of attack falls
to the left of the hyperbolic portion of the ourve, whioh indicates
that the mass flow rate through the throat of the diffuser has already
decreased and that the shock 1s stabllized in the convergent portion
of the diffuser. This stablilization is a result of the perforations
near the throat. The portion of the curve at area ratios less than
sbout 1.2 corresponds to progressive movement of the shock toward the
inlet until the normel shock emerges from the inlet (area retios less
than ebout 0.60).

(4
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Contrary to the performence cbtained with the usual convergent-
divergent diffuser (refs. 6 and 7), the perforated diffuser may ep-
proach the peak total-pressure recovery from elther branch of the
curve (fig. 3). The pressure recovery need not be double valued as
a function of the area ratio, nor need there be a discontinuity in
the mass flow through the diffuser. The irreversible performance of
the perforated diffuser will simplify the control problems of intermal
contraction inlets for application to supersonic aircraft. (On the
preliminary model shown in fig. 2(a), the shock moved into the inlet
in dlscrete steps rather than contimiously. This phencmenon was prob-
ably caused by local varistions of the perforated-area distribution.)

The maximwm total-pressure recovery ratio obtained with the
perforated diffuser was 0.931l. This value may be compared with
the value of 0.838 obtained on the convergesnt-divergent diffuser
of reference 8. The theoretical maximm allowed in reference 6
for the convergent-divergent diffuser is 0.89. Thus the perforated
diffuser has experimentally demonstrated that the contraction-ratio
limitation established in reference 6 may be avoided.

The sensltivity of the perforated diffuser to changes in angle
of attack (fig. 3) is less than the sensitivity of the convergent-
divergent type diffuser (ref. 7z,blrb ter than that of the
single conical shock diffusers {ref. 3). For angles of attack of
0%, 3°, and 59, the perforated diffuser gave total-pressure recov-
exry ratios of 0.931, 0.920, and 0.906, respectively. The pressure-
recovery ratio of the double-shock cones (ref. 4) was more sensi-
tive than was the perforated diffuser to angles of attack.

The static-pressure distributions along the wall of the
divergent portion of the diffuser are shown in figure 4 for angles
of attack of 0°, 3°, and 5°. These ourves are useful in locating
the normal shook as the outlet area is varied. Apparemtly on the
perforated diffuser, even with angles of attack, the shock may be
located forward of the coordinate 0.32 throat diameter. No instru-
mentation was included in the throat nor in the supersonic portion
of the diffuser, inasmuch as the inlet was constructed of plastic.

Statio~- and total-pressure distributions across .the diffuser
outlet are pregented in figures S5 and 6, respectively, for angles
of attack of 0°, 39 and 59. As was expected from the results of
reference 8, the static pressures were nearly constant across the
Plenum chamber. The variations in the total pressure therefore
iIndicate the Mach number distribution in the plenum chamber.
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It should be emphasized that the results presented for the per-
forated diffuser were obtained on the first preliminary model, which
for the sake of expediency was not carefully designed. Refinements
are clearly feasible.

POTENTTAL, APPLICATIONS OF FERFORATED DIFFUSER

The use of pexrforations to increase the performamce of super-
sonic arrangements that involve a stream contraction has many poten-
t1al applications. A few examples are shown in figure 7. By a
combination of the perforated and the shook diffusers, a minimmm
nuber of perforations would be required and the shooks would still
be internally confined. Other considerations may require that the
diffugser be short. A compact perforated diffuser may be bduilt simply
by placing a group of smaller perforated diffusers adjacent to each
other. Such an arrangement may also yield a more favorable velocity
distribution for some purposes than would be possible with a single
diffuser of the sams exit area. Simllarly, the perforated diffuser
may be operated in cascade, as in the design of supersonic compressors.
A perforated diffuser should also operate when confined in a passage
and may therefore £ind application as the second throat of a super-
sonic wind tunnel. In this type of arrangement, a detonation wave
could probably be stabilized In a tube. The use of perforations may
even be applied to eliminate the starting diffioulties of the Busemann
biplane. ZEach of these potential applications requires fwuxrther.
research to achieve perfection.

SUMMARY OF RESULTS

A short preliminary investigation of a perforated supersonic
diffuser at a Mach number of 1.85 for angles of attack, 00, 3°, and
5° gave the following results:

1. Perforations were applied to increase the alloweble contrac-
tion ratio of a convergent-divergent supersonic diffuser. A total-
pressure recovery ratio of 0.931 was obtained with a perforated dif-
fuser as campared with 0.838 for the convergent-divergent diffusexr.

2. The perforated supersonic diffuser was relatively insensi-
tive to changes in angle of attack. Total-pressure recovery ratios
of 0.951, 0.920, and 0.906 were obtained at angles of attack of
0%, 3°, and 5°, respectively.

TEL
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CORCLUSION

The use of perforations may be applied to eliminate the starting
difficulties of supersonic passages that inclnde an internal contrac-
tion; hence, the contraction ratio may be increased or the operating
Mach number range may be extended.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautiocs
Cleveland, Ohio, February l, 1951
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APFENDIX - METHOD FOR ESTIMATING SIZE AND
SPACING OF PERFORATIONS

Estimation of flow cosfficients. - In order to stert the 4if-
fusion proceass, the normal shock must be able to enter the diffuser
and move toward the throat. This entrance will be permitted if the
perforations (including the throat) downstream of the shook are large
enough to accommodate the subsonic mess flow behind the shock. The
1Imiting condition occurs when the flow through the holes reaches
sonic veloclty. Under this condltlion, the mass flow rate per unit
area for perforations downstream of the shock becomes

(1)

vhere

m  mass rate of flow through holes downstream of shoock

A pexrforated area

Qg Yratio effective to actual area of perforations downstream of

normal shock
total or stagnation pressure downstreem of normal shock

)

ratio of specific heats

- B

gas constant
total temperature of fluld

The total presswrs P 18 a funotion of the Mach number M at
which the norme]l shock ocours and 1s given in terms of the free-
stream total pressure P and the supersonic shock Mach mumber M

JA—— - -- - — ———— —_ e ————
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. 1 2
‘ 2 _( rs1 \VUT gy w2 777 (2)
g Po \ 22 - y41 2(1 + L 2)

If lsentroplc diffusion is desired, the entrance of the diffuser
mst be enlarged samswhat to acoount for the loss of mass flow through
the perforations upstream of the normal shock. The flow rate through
the perfarations in the supersonic partion of the diffuser may be
estimated by means of the Prandtl-Meyer theory (ref. 8) for flow
arowni a corner. If free-stream static pressure 1s assumed at the
porforation or hole exit, the pressure differential acroes the hole
is Just sufficlent to accelerate the flow to the original free-stream
Mach number. The flow will turn in the vicinity of the hole or corner
until the free-stream Mech number is reached and will then proceed.
without further deflection umtil it either passes through the hole
or is straightened by the diffuser wall with the formation of a shock.
The limiting streamline denoted by the coordinates » end ¢ is shown
in the following sketch: (In soms cases, the final Mach line becomes
tangent to or drops below the wall surface. The limiting streemline
then depends only on the local Mach number and the perforation width.)

3
/Z\i\\\“~\ s
&

co-2
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The shock caused by the flow stralghtening will intersect the
final Mach line and mmutual cancellation of shock and expansion waves
will ocour. Because the extension of the shock depends on the size
of 1y, this distance should be smell to minimize internal shock

loaaes._

The coordinate angle ® of the Pranitl-Meyer theory is a func-
tion of the Mach number and may be camputed fram the equation

2 _ 1 2
M° = = tan® k9+ 1 (3)
xe

i

e 3 Iz (4)

From the equation of a streamline in the expansion reglon hounded by
the two Mach lines, the ratio of the radll may be obtained as

o
) (5)

Ty (mk%
7o = \ 505 &gz

Also from the geometry

9 1 (6)
Ty oose+amecot(sm‘1u-%-e)

The angle 6 between the final Mach line and the diffuser wall 1s
Gsain'lé- (m -¢2)

or, with the aid of eguation (3),
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6 = stn-l 2 - %[tan-l (km) - ten-1 (k,\ﬁz_-_l)] (7)

The effective flow area dA' 1s glven as

ra2 dA Y2 X0
dA' = =X Fr T (8)

Combinstion of equations (3), (5), (6), end (8) thus ylelds

1

o - ] E0e0a % SR I
M 1 x2(M92-1)+1 cos 6 + 8in 6 cob (sin"l Mio - e) :

(9)

where the effective area ratio upstreem of the normal shock Qy
is given by use of equation (9) as

1

@ =& K2 (M2-1)+1 2 1 .
Ml 12 (Mp2-1)+1 cos 6 + sin g oob Gm‘l M—](',- - e)

(10)
The mass flow coefficient through the holes in the supersonic por-
tion of the diffuser will then be
% - PRy (12)

The product of the density and the veloolty pv is given by
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MP
ov = [<L 9 (12)
'\/1:T E'F_f)"r}

It shonld be emphasized that In the derivation of the effective
erea ratio Qp the external pressure was assumed to be equal to the
freeo-stream static pressure. If some other static pressure persists,
the coordinate engle @g' of the final Mach line may be obtained
from the eguation

2=1
Y

('r%) = (1-%?) cos? Iy’ (15)

Any flow through the holes will, of course, curve the external stream-
lines In the vicinity of the perforation and form a l1ight shock. As

a result, the hole-exit statlc pressure will increase and the mass flow
rate through the perforations in the supersonic regime will be further
decreased.

Mn Indication of the relative effectlivensss of the holes in
the supersonic and subsonic regimes may he gained from figure 8. The

pvRp
quantity Wa,—o’ where Pa,o is thel total pressure bshind a free-

gtream normal shock, has been plotted as a function of local Mach
mmber andl represents the supersonic mass flow rate through a perfora-
tion dlvided by the mass flow rate with the normal shock ahead of
the inlet when Qo is 1.0 and 0.6. The fact that the guantity

pvQp
is generally less than unity assures the action of the per-
QBP0

forations es automatic valves, allowing the diffuser to staxrt at low
effective contraction ratio amd to operate at a high effective con-
traction ratio.

Bstimation of oross-gectional and perforation area distribution., -
The aree of the perforations A eand the oross-sectional area 8 may
‘be measured positively from the throat of the diffuser (see sketoh).

™
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Inle‘b-w Shock
. —\'&j Throat
—

|
[

|

The subscripts O and 1 refer to the entrance and the throat aof
the diffuser, respectively. Now the mass flow rate through the
area Sg must be equal to the flow through the perforations upstream

and downstream of the normal shock, plus the flow through the throat.

Because the walls of a diffuser may be gently curved, the effec-
tive subsonic area ratio Qg of the throat will be read by unity.
On the other hand, the wall perforations may be regarded as sharp-
edged orifices and Qa <for the wall perforations will be less than 1,

Accordingly for a fixed shock positlon the mass flow rate through the

inlet will be
Ag A
m.—.:j; pvad.A.+BPj; Qg dA + BESy (14)

Because the shock 1s temporerily statlonary, P was oconsidered
constent In equation (14) and was therefore taken outside the inte-

gral sign, The quantity Q, wlll generally depend upon the Mach
number near the local perforation dA particularly for Mach numbers
near unity. In the absence of experimental determinations of Qg
for tangential orifices ani In the interest of simplloity, Q@ 1is
assumed constent in the present analysis. Rauation (14) may then be
written

v

———— e — .~
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m-onpvadA+BP(QaA+S]) (15)
A

But the rate .of mass flow through the area Sp 1s Independent of
theposi‘bionotthoshockanﬂ.theshookmy'bemved.toam
position without changing m. The totel pressures P and PV,

than'becana:hmstiansof‘bheshocklhchmmber. Differentiation
of equation (15) with respect to the shock Mach mmber yields

A _14ap

d(Bl) 'i'?'lﬁ‘m

A.1 .. 7% (16)
B8, 7"%% T TF e

Equation (16) may be simply integrated mmeriocally by summing the
differentials, or it may be integrated explicitly to glve

M .1
P

1°8(“a§‘f+1)'f ;-—:;
M=l " BP Q.

(17)

Q&I

The quantity %’-% of equstion (17) is glven from equstion (2) as

2 2
M (29 ~ »+1)(1 + %Mz)

Wi
2&

The gusntity % may be. computed with the ald of equations (12),

(20), (7), (1), emd (2).
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The assumption that Q, 1s a constant now asppears as a workable
approximation; in the neighborhood of M = 1, where Qg would be
expeotedtovm-ymostrapidly,%g—i- hag a zero of seoond order.

From equation (m),a(g‘—l) 1s then nearly zero in the vicinity of
M =1 regardless of the value of Q Iif Q, does not approash Q,
in such a mammer as to give a zero of the same order in the denaminator.

Equation (16) wes solved numserically for en My of 1.85 for
values of Qg = 1, 0.6, and 0.5. The resulting plot of A/S; as

a function of Mach mumber 1s presented in figure 9. The approximate
perforated-area distribution of the experimental model is also
included on fignre 9. For this cwrve, the loss of mass flow through
the holes in the supersonic regime was negleoted and one-dimensional
flow equations were assumed to caloculate the Mech number. Although
the experimentel owrve indicates the approximate valus of Qm, the
holes were so ocrumdely drilled in the preliminary model that the per-
forated area 1s probably largexr than necessary.

In oxder to obtain the hole-area distribution A as a funotion
of the cross-sectional area S, a relation is required between 8
and M. This relation will depend on the partioular design of the
diffuser. If one-dimsnsional flow applies, the ocontraction ratio

corrected for the mass flow through the perforations in the supersonic
portion 1s given by the equation

fo 8
(m-J; prqbu);--ﬁs (19)

Because m = pg Vg S, equation (19) becames

povoso-\[:onvebusms (20)

For conditions at the throat, equation (20) becomes
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Po Vo 80 -J:,Ao pv Qp 3A = (pv)1 B3 (21)

Subtraction and resrrangement of equations (20) and (21) give

g8 (v 1 [ A
i *FJ: ov a2 55) (2)

Equation (22) was solved nmumeriocally in conjunction with eque~
tion (16) for an initial Mach number of 1.85 and values of Qg = 1,

0.6, and 0.5. The resulting plot of 8/8; as a funotion of Mach
nunber is presented in figure 10. The value of 8/8; at the free-

gtream Mach number 1.85 1s the geomstrio contraction ratio reguired
to decelerate the supersonic stream to & Mach mmiber of unity at the
throat. By a comparison of this value with the isentropic contrac-
tion ratio, the mass flow lost through the holes may be estimated.
Por & value Qg of 0.6, the percentage mass flow lost is

Mﬁ;’-g—mxlm-Spmenb.
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Figure 1. - Schematic progression of shock as perforated

area 1s Increased.
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(b) Bchematic drswing of perforsted inlet, subsonic diffuser, end plemim chaxber.
Figure 2. - Continued. Freliminary test model of perforsted supsrsonic diffuser.
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. Pitot tube
8 Static-pressure
orifice
P8 Pitot static tube

Cross section at A-A (fig. 2(Db))
(c) SBchematic drawing of pressure instrumentation at diffuser outlet.

Figure 2. - Concluded. Preliminary test model of perforated supersonic
diffuser.
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Figure 3. - Total-pressure recovery of perforated supersonic diffuser. Free-
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* Figure 9. ~ Distribution of perforated area. Free-

stream Mach number, 1.85. - Theoretical curves calcu-
lated by use of equation (17).
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